We propose a vortex beam generator based on a nanometer spiral slit and explore the propagation rule of the topological charge. Compared to the common methods of generation of a vortex beam with a fixed topological charge, the optical vortex generated by the proposed vortex beam generator has the topological charge varying with the propagation distance. The value of topological charge can be modulated by the geometric charge of the spiral slit and the propagation distance. Theoretical analysis predicts the variation rule of the topological charge of vortex beam in the near field, and numerical simulations and experimental measurement verify the proposed scheme. Discussion on the shape and structure of the spiral slit is also presented. This work provides the theoretical foundation for the generation of a vortex field with variable topological charge. The simple geometry of the vortex beam generator and the flexible modulation of the topological charge must inspire applications of the vortex beam.
Introduction
A vortex beam refers to a light beam possessing a helical phase front and can be described by a transverse phase structure exp(ilϕ), with ϕ denoting the azimuthal angle and l representing the topological charge (TC) of the optical field [1] . TC of the vortex field may be an integer or a fraction. Since vortex beams carry orbital angular momentum (OAM) of lħ [2] , they have numerous applications in optical micromanipulation [3] , free-space communication [4] , material processing [5] , and digital imaging [6] .
The common methods to generate vortex beams include a spiral phase plate [7] , a spatial light modulator [8] , a cylindrical lens [9] , and a metasurface [10] . As is known, a vortex beam generated by any of the common methods carries a fixed OAM during the propagation. Recently, a vortex beam with controllable TC during its propagation has attracted much attention. The use of frozen waves realizes the control of the TC of the beam along the propagation direction [11] . The special Fermat spiral enables the local TC to vary during propagation over large distances [12] . The biaxial Laguerre-Gaussian (LG) beam may adjust conveniently the fractional TC of a vortex beam [13] . Studies have predicted longitudinal control of the OAM, yet more physical problems such as the theoretical basis of controllable TC and the dependence of TC on the structure, propagation, and illuminating light have not been explored to date.
In this work, we study essentially the propagation of the vortex beam generated by a nanometer spiral slit etched on a metal film and explore the evolution of the TC with increase in the propagation distance. Theoretical analysis provides the expression of the phase front as a function of the propagation distance, chirality of the incident polarization light, and the rotation direction of the spiral slit. Then the spatial position for a certain TC can be ascertained. Numerical simulations and practical experiment validate the rule governing the variation of TC with the propagation distance. The influence of the shape and structure of spiral slits on the formation of TC is also discussed. This new study on the vortex beam with variable TC is expected to expand flexible applications of the vortex beam to many fields including optical manipulation, microscopy imaging, and quantum information processing [14, 15] .
Design principle of the vortex beam generator
We choose an Archimedes spiral slit etched on a silver film as the elementary diffraction system to study the generation of the vortex beam. The orbit of a nanometer spiral slit can be expressed in polar coordinates as [16] 0 2 l r r λ ϕ π = +
where r and ϕ are the radial and angular coordinates of the spiral slit, r 0 is the initial radius, l is an integer representing the geometric charge, and λ is the illumination wavelength. When lλ is much smaller than r 0 , we can write the above equation as r 2 = r 0 2 + lλr 0 ϕ/π by neglecting the term (lλϕ/2π) 2 , which is just the expression for a Fermat spiral. When a plane wave propagating along the z-axis transits the nanometer spiral slit of width w from the glass substrate, as shown in Figure 1 , a vortex beam can be generated in near field immediately after the spiral slit, as described in a previous work [17, 18] , and the TC is taken as a constant l ± 1, with the positive and negative signs corresponding to the left-handed circularly polarized (LCP) and right-handed circularly polarized (RCP) light, respectively [19, 20] . As a matter of fact, the vortex beam generated by the spiral slit is relevant to the propagation distance, and the value of TC decreases with increase in the propagation distance, as shown in the inserted patterns in Figure 1 . This variation of the TC with the propagation distance is just the focus of this paper, and the following section gives a detailed theoretical analysis.
Theoretical analysis
According to the scalar diffraction theory, the transmission field of a metal spiral slit at distance z away from the object plane can be approximately written as 
In fact, 2π should be added or subtracted to the phase when the incident light is circularly polarized. Thus, the TC of the vortex field with LCP and RCP light illumination should be 
This expression gives the dependence of the TC of the vortex field on the geometric charge l of spiral slit, the initial radius r 0 of the spiral slit, and the propagation distance z. It is easy to see that TC at large propagation distances is smaller and also that it changes with the initial radius and the illuminating wavelength. Moreover, TC for LCP light illumination is always 2 larger than that for RCP light illumination.
On the basis of Eq. (2), with a spiral slit and the illumination condition set, the longitudinal and transverse field distributions transmitted through the spiral slit can be obtained. Since the central intensity of the optical vortex is always equal to zero, the positions of the optical vortex can be ascertained according to the extreme intensities at the propagation axis, and the TC of the vortex field can be extracted from the transverse field distribution at these positions. Figure 2 gives the diffraction distributions of an Archimedes spiral slit calculated on the basis of Eq. (2), where Figure 2A -D is for LCP light illumination and Figure 2E -H is for RCP light illumination. The initial radius of the spiral slit is r 0 = 6 μm, the geometric charge is l = 4, and the illuminating wavelength is 0.633 μm. Figure 2A and E shows the intensity distributions of the spiral slit along the longitudinal direction. For observing simultaneously the phase distribution, the transverse diffraction distributions in Figure 
Numerical simulations
In order to verify the variation of TC of the vortex field with the distance of propagation, we perform numerical simulations by using the finite-difference time-domain technique. In practical simulations, perfectly matched layers are used to prevent nonphysical scattering at the boundaries while simulating the transmission of the spiral slit. The thickness of silver film deposited on the glass is 300 nm and the width of the spiral slit is 200 nm. A nonuniform mesh type is used to obtain higher calculation accuracy. A plane wave of wavelength of 0.633 μm illuminates the sample from the glass substrate. The dielectric constant of silver is taken from Palik [21] . Figure 3 shows the longitudinal and transverse diffraction distributions of the spiral slit, with the initial radius of spiral slit r 0 = 6 μm and the geometric charge l = 4. From the results in Figure 3 , we can see that the longitudinal intensity distributions are the same as the theoretical ones shown in Figure 2 . The transverse phase distributions show that the TC of the vortex field really decreases with increase in the propagation distance. TC for RCP illumination is always smaller than that for LCP illumination at shorter propagation distances. These rules for the variation of the vortex field are consistent with the theoretical predictions, though the positions of extreme intensities are not completely consistent.
Experimental measurement
In order to test further the vortex beam with variable TC, a practical experiment is performed. The experimental setup is depicted in Figure 4A . Linearly polarized light emitted from a He-Ne laser is converted into circularly polarized light by a quarter-wave plate (QWP). Then, the light beam is divided into two equal parts as the object light and the reference light by the beam splitter 1 (BS1). The object light impinges on the sample (S), and its transmission field is magnified by the microscope objective 1 (MO1) and then received by a charge-coupled device (CCD). The reference light is made to interfere with the object light through the beam splitter 2 (BS2) and we test the TC of the optical vortex. A density filter (DF) and the microscope objective 2 (MO2) are used to adjust the intensity of the reference light. For convenience of adjustment, the sample is placed on a moving platform with a precision of 100 nm.
We create the vortex beam generator sample according to the design theory. A silver film of thickness 300 nm is deposited on a glass substrate using magnetron sputtering. The sputtering power is 10 W, the vacuum is 7 × 10 −4 Pa, and the argon partial pressure is 0.5 Pa. Spiral slits of l = 4 with width and initial radius of 200 nm and 6 μm are fabricated by focused ion beam etching, where the voltage is 30 kV and the current is 92 pA. Figure 4B shows the scanning electron microscopy (SEM) image of the designed vortex beam generator. We place the fabricated sample in the light path of Figure 4A to test the diffraction. Figure 4C 1 -C 6 gives the diffraction intensity distributions at different propagation distances for LCP light illumination, and Figure 4C 11 -C 61 shows the corresponding interference results. The distance between adjacent images is about 3 μm, which is obtained by shifting the sample toward the light source. The results of Figure 4C the redundant fringe number corresponds to the TC of the vortices. Four fringes in Figure 4C 11 , three fringes in Figure 4C 31 , and two fringes in Figure 4C 51 are redundant, and the TC value is close to 4, 3, and 2, which correspond to the cases of Figure 2 or 3 with LCP light illumination.
The intensity distributions in Figure 4C 2 , C 4 , and C 6 and the corresponding interference results in Figure 4C 21 , C 41 , and C 61 show the change. Similarly, the intensity distributions in Figure 4D 1 -D 4 show the vortex field generation; the two redundant fringes in Figure 4D redundant fringe in Figure 4D 31 mean that the TC value is close to 2 and 1. They correspond to the cases of Figure 2G and H or Figure 3G and H with RCP illumination. And the other intensity distributions in Figure 4D 2 and 4D 4 and the corresponding interference results in Figure 4D 21 and D 41 show the change of TC. These measured results verify the variation of TC of the vortex beam with the propagation distance and with the illumination polarization. It must be pointed out that the exact position of the optical vortex with integer topological charge is difficult to locate because of the precision limit of the moving platform.
Discussion
In the above study, we concentrated on the near-field diffraction of an Archimedes spiral. According to the two relations of Eq. (6), we can obtain the position of the desired vortex field generated by a Fermat spiral. Table 1 gives the TC values of the vortex fields generated by the Fermat spiral with l = 4 and r 0 = 6 μm under illumination with different polarizations and their corresponding positions obtained according to the approximate expression of Eq. (6), as well as those extracted from theoretical calculations based on Eqs. (2) and (5) and the numerical simulations. In the table, AV denotes the value calculated by Eq. (6), TV denotes the theoretical value, and SV denotes the simulated value. The corresponding results for the Archimedes spiral are also given.
From Table 1 , we can see the TC of the vortex field generated by the nanometer spiral slit decreases with the propagation distance. For the Fermat spiral slit, the TC of the vortex field with LCP light illumination is equal to or smaller than the geometric charge l and it takes a value smaller than the geometric charge l with RCP light illumination. The TC value for LCP illumination is always 2 larger than that for RCP illumination. The maximum TC value of the Fermat spiral is smaller than that of the Archimedes spiral. These variation rules are in accordance with Eqs. (4) and (6) . The variation of the vortex field from near to far can be seen clearly from the two attached video files, where video 1 is for the vortex field generated by the Archimedes spiral with the propagation range [50 nm, 30 μm] and video 2 is for the vortex field generated by the Fermat spiral with the propagation range [50 nm, 25 μm].
Commonly, spiral slits with many turns or many arms are used to increase the intensity of the vortex field with a fixed TC. The turns or arms of the spiral slits may influence the TC, so we also discuss the dependence of the vortex the field on spiral slits. Figure 5 gives the structures of Archimedes spiral slits with one turn, two turns, and two arms and their transverse diffraction distributions at z = 26.9 μm. The parameters of spiral slits and the illumination condition are the same as in Figures 2  and 3 . The gray-scale patterns on the second column are the theoretical results for the real parts of the diffraction fields, and the color patterns on the third column are the simulated phase distributions. The theoretical and simulated results on one row correspond to the left structure on the same row.
From the results in Figure 5 , we can see that the amplitude and phase distributions of the vortex field change with the structure of the spiral slit. For a given propagation distance, the field distributions diffracted by spiral slits with two turns or two arms have central asymmetry and the phase singularities deviate from the center with respect to the cases of the spiral slit with a single turn. These distortions also change the value of TC. This is because the initial radius of the spiral slit directly influences the phase front of optical field, which can be seen from Eq. (3). The spiral slit with two turns can be taken as composed of two spiral slits with their initial radii different. The superposition of the diffraction fields by these two spiral slits destroys the forming condition of the original TC. Similarly, the spiral slit with two arms can be taken as composed of two spiral slits and their angular integral regions are different. The different angular integral regions add an additional phase to the optical field. The superposition of the diffraction fields by spiral slits with two arms also changes the forming condition of the original TC. The results with more turns and more arms also exhibit these phenomena.
Conclusions
In summary, we have studied vortex beam generation by a nanometer spiral slit and explored the rule for the variation of TC of the vortex field with the propagation distance. Theoretical analysis, numerical simulations, and experiment measurements verified the dependence of the TC of the optical vortex on the shape of spiral slit, the handedness of the incident circularly polarized light, and the propagation distance. According to the rule for the variation of TC, we can manipulate freely optical vortex generation by changing the spiral slit and the incident polarization state and choose the optical vortex with appropriate TC by adjusting observation distance. Moreover, the discussions about the shapes of spiral slits including the Fermat spiral, the Archimedes spiral, as well as spirals with many turns and many arms provide the possibility to control the optical vortex. The study in this paper will facilitate wider applications of the optical vortex generated by nanometer spiral structures in optical trapping, optical communication, and imaging. Certainly, the low transmission efficiency of the proposed vortex generator may be improved to some degree by widening the slit.
